In the Australian frog Crinia georgiana, matings frequently involve a single female and multiple males (group spawning). The aim of the present study was to demonstrate a connection between variation in the intensity of intrasexual competition, measured by using male density and operational sex ratio (OSR), and the incidence of group spawning. Over a 3-month breeding period, male density and OSR varied substantially and were significantly influenced by climatic conditions. The frequency of agonistic interactions between males was higher in denser choruses. Fights were typically over the possession of sites used to broadcast advertisement calls and were almost always won by larger males. At higher densities, males allocated significantly less time to calling to attract females and spent more time as nonmoving satellites or roaming through an aggregation (searching). However, large males always called more than did small males. The number of males involved in a spawning correlated positively with variation in both male density and OSR. Observation of group spawnings revealed that they generally arose when a satellite male joined a mating pair after a female chose to mate with a calling male or when a female was seized by a searching male and the pair was joined by other searching males. These findings, coupled with past research documenting costs but no benefits of multiple paternity to females, suggest that competitively inferior males force group spawns.
D isparity in mating interests between the sexes conventionally arises because males have a higher potential reproductive rate than do females. Consequently, females exert mate choice (intersexual selection), whereas males have to compete for matings (intrasexual selection; Andersson, 1994; Trivers, 1972) . These sexual differences are reflected in the operational sex ratio (OSR); the ratio of fertilizable females to sexually active males at the site and time when mating occurs (Emlen and Oring, 1977) . The OSR provides a useful empirical tool for measuring and predicting the intensity of intrasexual selection. With an increasing bias in the OSR toward males, increased competition for females is expected (Kvarnemo and Ahnesjö, 1996) . The density of breeding males may also influence the intensity of intrasexual competition (Conner, 1989) . As the distance between competing individuals decreases, often owing to clumped distribution of resources, the encounter rate, and hence frequency of agonistic interactions, between males is likely to rise (de Boer, 1981) . Because changes in male density can alter the ratio of males to females at a breeding site, they may also have important effects upon the OSR. There is empirical support for the use of both OSR and density as measures of the intensity of intrasexual selection (de Boer, 1981; Gwynne, 1984; Madsen and Shine, 1993) .
Under conditions of intense intrasexual selection, large variance in male-mating success is expected (Andersson, 1994) . In such situations there will be strong selection pressure on unattractive and subordinate males to adopt alternative mating tactics (Gross, 1996) . Occasionally males mimic females to obtain matings. This is usually a sophisticated tactic, which requires marked behavioral or morphological changes (Thornhill, 1979) . Subordinate males may also gain matings by closely attending displaying males and intercepting females as they approach. This behavior, termed satelliting, occurs in many taxa (Cade, 1979; Sullivan, 1982; Widemo, 1998) . However, the most widespread alternative tactic is sneaking, in which a male steals fertilizations from a male already paired with a female (Taborsky, 1998) . Sneaking may be a conditional strategy , may be a genetically fixed strategy (Zimmerer and Kallman, 1989) , or be used opportunistically (Austad, 1984) .
Among anuran amphibians, there is considerable variation in mating system structure arising from variation in the intensity of intrasexual selection related to the length of the breeding season (for review, see Sullivan et al., 1995) . Wells (1977) described anurans with short breeding periods lasting hours to days as explosive, contrasting them with prolonged breeders who breed over periods of weeks to months. In explosive breeders, female choice is temporally constrained, and the synchronous arrival of the sexes to a breeding site limits the possible skew in male-mating success. When breeding is prolonged, females have more time to choose a mate, but males can usually mate many times over a season so there are increased opportunities for mate monopolization (Sullivan et al., 1995) .
In anurans with both explosive and prolonged breeding, males generally gather at sites where females prefer to lay their eggs and use an advertisement call to attract a mate (Sullivan et al., 1995) . However, within an aggregation of calling males, termed a chorus, acoustic competition is often intense and only males that invest heavily in calling, for example, by increasing call rate or duration, are likely to attract females (see Halliday and Tejedo, 1995; Smith and Roberts 2003a) . Consequently, when competition becomes too intense, males often abandon calling for alternative noncalling mating tactics. In many explosive breeding species, males call to attract females at low male density, but when male density becomes too high, they resort to actively searching a breeding area for females (scramble competition; see Halliday and Tejedo, 1995) . In prolonged breeders the alternative to calling is usually to act as a satellite (Lucas et al., 1996) . In some species, noncalling males may simply be waiting for call sites to become available (e.g., Hyla versicolor; Fellers, 1979) . Alternatively, calling and satellite behavior may represent a mixed evolutionary stable strategy (ESS) in which both strategies yield equal mating success (e.g., Hyla cinerea; Perril et al., 1982) . For most species, however, silent males are inferior acoustic or physical competitors that are making the ''best of a bad lot'' by intercepting females that are attracted to callers (see Halliday and Tejedo, 1995) .
Inferior male anurans may also improve their reproductive success by joining mating pairs and sneaking fertilizations. In at least 10 species from three families, it has been reported that spawnings can involve single females and multiple males (group spawning; Halliday, 1998) . In many of these taxa, competition between males for mates is intense, and group spawning has been interpreted as a strategy used by males to secure fertilizations without having attracted a female through advertisement (D'Orgeix and Turner, 1995; Fukuyama, 1991; Jennions et al., 1992; Jennions and Passmore, 1993; Kusano et al., 1991; Pyburn, 1970; Roberts, 1994) . However, for most of these anuran species, a detailed understanding of the adaptive significance of group spawning is lacking. Consequently, a direct connection between the intensity of intrasexual selection and group spawning in anurans remains to be demonstrated.
In the Australian myobatrachid frog, Crinia georgiana, group spawning occurs in approximately 50% of matings and results in multiple paternity of egg clutches . On average, females are amplexed (sexually embraced by a male) by two males, but up to nine males may become involved. This mating pattern entails extreme reproductive costs to females because interactions between competing males lead to reduced fertilization success and sometimes mortality . Moreover, laboratory experiments provide no evidence that the immediate fitness costs incurred by females are compensated by increased genetic quality of her offspring, leading to increased numbers of grand-offspring (Byrne and Roberts, 2000) , an indirect benefit of multiple paternity found in some polyandrous insects, arachnids, birds and mammals (cf. Jennions and Petrie, 2000; Stockley et al., 1993; Yasui, 1998) .
Within breeding aggregations male densities are frequently high and the OSR is usually heavily male biased (Byrne and Roberts, 2000) . It has also been observed that fights between males are common and that a proportion of males within a chorus do not call but either remain motionless in close association with a caller or roam the breeding area (Byrne, 2002b) . Based on these observations, we predict that group spawnings occur in Crinia georgiana because intense intrasexual competition forces competitively inferior males to gain fertilizations by joining mating pairs. Specifically, we argue that (1) variation in OSR and male density over a breeding season is substantial and correlates with climatic variables; (2) variation in male density affects the frequency of agonistic interactions between males; (3) variation in male density, coupled with male body mass, affects whether males call to attract females or adopt noncalling mating tactics; (4) variation in male density and OSR influence the number of males involved in a spawn; and (5) group spawns are the outcome of competitively inferior noncalling males joining mating pairs. These predictions are based on the assumption that variation in OSR and male density are correlated with variation in the intensity of intrasexual selection.
The results of the present study will have significant implications for anuran breeding biology and sexual selection theory for two main reasons. First, they will provide an insight into the evolution of group spawning, a mating system that may be widespread amongst anurans yet remains largely uninvestigated (cf. Byrne et al., 2002 Byrne et al., , 2003 Halliday, 1998) . Second, they will contribute to our current understanding of why females mate with multiple males, a topic that remains one of the most compelling questions in evolutionary biology.
METHODS

Study species
Crinia georgiana is a small frog (snout-vent length ¼ 18-47 mm; Smith and Roberts, 2003b) that is abundant and widely distributed throughout southwestern Australia. Breeding takes place at night between midautumn and late spring. Males aggregate in sparsely vegetated areas covered by shallow water (approximately 5-10 mm deep) and call to attact females (Main, 1965) . Within the chorus of calling males, individual males physically defend depressions in the substrate that function as stations for broadcasting the advertisement call. However, these call stations are usually only defended for a few nights because they either become flooded after heavy rainfall or they dry out between rain events (Byrne, 2002b) . Individual females are attracted to the vocalizations of a specific male (Smith and Roberts, 2003a) and typically initiate amplexus (sexual embrace of a female by a male) by moving under a caller between the arms or along the side between the arms and legs (Byrne, 2002b) . During single-male matings (pair spawnings), males mount females dorsally and embrace them in front of the hind legs (inguinal amplexus), indicating this is the preferred (focal) amplectant position. During group spawnings (two or more males with one female), second males typically clasp the female ventrally, and additional males clasp the female dorsolaterally (for illustration, see Roberts et al., 1999) . Eggs are shed into shallow water and fertilized externally as they are released. The eggs are large and generally deposited in discrete clumps at the site where a male advertises (Byrne, 2002b; Seymour and Roberts, 1995) . Paternity analysis of egg clutches deposited during group spawnings indicates that males in the dorsal and the ventral positions both gain a share of paternity but other males do not .
Study site
The investigation was conducted in a natural breeding population near Kangaroo Gully 30 km southeast of Perth, Western Australia. The 600-m 2 study site was a series of shallow seasonal pools that formed on a sloping, moss-covered, granite outcrop surrounded by low scrub and forest. Throughout the breeding season, males aggregated at different locations within this site, depending on the distribution of shallow water. Because of the open nature of the study site individual frogs were easily observed. Data were collected on 44 nights between 1700 and 0500 h from 12 June to 27 August 1998.
Detection of spawning frogs and measurement of OSR and male density
Spawning frogs were located by using an infrared NAV 3 night vision scope to search through the chorus. When encountered, a 1-m 2 quadrat was placed over the frogs and arranged so that the pair or group was situated centrally. Because the study site was an open area and the frogs only breed in shallow pools, it was easy to locate mating frogs irrespective of whether they were in a pair spawning or in a group spawning. Therefore, we are confident that there was no sampling bias. For each spawning the number of males and females within the quadrat were counted. Because females left a chorus after egg deposition, most females encountered were gravid (clearly evident from their bellies being distended with eggs). On the rare occasion that nongravid females were encountered, they were deemed sexually inactive and excluded from counts. Because the number of frogs present around a mating could change with the movement of females and males through the chorus, it was necessary to make counts quickly. Preliminary investigation confirmed that the number of frogs present in an area of 1 m 2 could be accurately and efficiently counted, but that counts made in quadrats of greater size were prone to error. This was the justification for using 1 m 2 as the sample area. OSR was calculated as the number males not physically grasping a female/[(number gravid females not grasped by a male) þ (number of males not grasping a female)] (Emlen and Oring, 1977) and male density as the total number of males not grasping a female in the quadrat. In this way the central mating pair/group was excluded from our measures. For 13/101 spawns encountered, there was a second mating pair/group present in a quadrat. These frogs were excluded from the estimate of OSR and male density because we considered that the females were no longer fertilizable and that the males were sexually preoccupied (Emlen and Oring, 1977) . When two matings were encountered at the same time, we focused on the mating in which the female was in the earliest stage of egg deposition. In this way the estimate of OSR and male density was made close to the time when spawning commenced.
Seasonal variation in male density and OSR
We used one-way ANOVA's to test whether male density and OSR varied significantly between nights censused over the breeding season. In addition, we used simple-regression analysis to determine whether male density and OSR increased or decreased with time (days) since the beginning of the breeding season.
Effect of climate on variation in male density, female chorus attendance, and OSR We calculated the relationships among male density, number of females encountered in a chorus, OSR (dependent variables), and three climatic variables (rainfall, lunar phase, and temperature) by using multiple-regression models. Rainfall and lunar phase were considered because previous work indicates that breeding activity in C. georgiana is influenced by these two variables (Byrne, 2002a ). Temperature was also tested because the activity of ectotherms is often temperature dependent (Kvarnemo et al., 1995) . Sampling involved randomly searching choruses for females (see above). Searches commenced between 1800 and 1930 h and finished no later than 0500 h. Searches were abandoned if no females were detected after 90 min. When females were detected, measures of OSR and male density were made after they amplexed (see above). On nights in which no females were present, OSR was not estimated, but male density was estimated by randomly placing a 1-m 2 quadrat in the chorus and counting the number of males within it. For every nightly census, a minimum of three and a maximum of 21 quadrats were sampled. Information on daily rainfall was acquired from a recording station located approximately 8 km southwest of the study site. Information on lunar cycle was acquired from the Perth Observatory. Variation in temperature was recorded on site by using an HDL data logger. Estimates of nightly temperature were made by averaging seven recordings taken at 2-hour intervals between 1800 and 0600 h. For analyses, average nightly male density, total number of females encountered per night, and average nightly OSR were the dependent variables and mean nightly temperature (in Celcius), days since rain (more than 3 mm), and days since full moon were the independent variables.
Effect of male density and temperature on the frequency of male-male competition
To determine the effect of male density on the frequency of physical interactions between males, 18 aggregations of males, all from separate nights, were video-recorded under infrared light by using a Canon UC V1000 camcorder with Nav 3 Night Vision attachment. Recording periods lasted from 5-10 min. After each recording, male density was determined within the area monitored by randomly placing a 1-m 2 quadrat in the aggregation and counting the number of males within it. This was repeated six times and an average taken. Because the intrasexual behavior of ectotherms may be influenced by temperature (Kvarnemo et al., 1995) , water temperature was also measured by using a Miller and Weber thermometer. From videos we used dorsal patterns and body size to identify individual males and counted the number of interactions per male (cf. Gerhardt et al., 2000; Main, 1965; Roberts et al., 1999; Smith and Roberts, 2003a,b) . Duration of observations were timed (to the nearest second) by using a stopwatch. A total of 140 males were observed. The influence of density and temperature on number of interactions per male was determined by using multiple regression. For this analysis, both the number of interactions per male per minute and male density were log transformed (common log). We also observed the events that led to 47 physical contests between males. Precombat behavior of males was assigned to one of four categories: (1) calling from a set site in the chorus, (2) calling and moving through the chorus, (3) silent and stationary in the chorus, or (4) silent and moving through the chorus. A Fisher's Exact test tested for significant differences in the proportion of fights that arose from competition over call sites (versus those that were not call site related) at low male density (less than five males per meter squared) and high male density (more than five males per meter squared). This density division was chosen because five males per meter squared was approximately the average density of males within a chorus for nights where breeding activity occurred (see Results). When physical interactions occurred between males, the duration that males remained in contact with each other was timed (to the nearest second) using a stopwatch. After interaction, males were collected and weighed (to the nearest 0.1 g) by using a digital balance. Simple-regression analysis was used to determine whether difference in body mass between contestants (mass of largest male minus mass of smallest male) effected the duration of interaction. For analysis, difference in body mass was the independent variable and duration of interaction in seconds was the dependent variable. When interactions were resolved, victory was assigned to the male that remained at the site of initial contact.
Effect of male density and body mass on male-mating behavior
From video recordings, we calculated time spent by 54 males in three behaviors: (1) calling (advertising), (2) stationary and silent (satelliting), and (3) silent and moving (searching). Behavioral analyses commenced when a female entered into a group of calling males within the chorus and were terminated when males attempted to grasp or successfully amplexed the female. In this way all observations were standardized to the period that a female was present. The influence of male density and body mass on the preamplectant behavior of males was determined by using multiple-regression 874 Behavioral Ecology Vol. 15 No. 5 analysis with male density and body mass as independent variables, and the difference between the time males spent calling and the time males spent silent (silent motionless þ silent and moving) as the dependent variable. For analysis, behavioral durations were log transformed (common log).
Effect of OSR and male density on the number of males involved in a spawning
The number of males involved in 101 spawns was recorded in addition to measures of male density and OSR (defined above). To test the hypothesis that the incidence of group spawning is related to variation in the intensity of intrasexual competition, we determined whether the number of males involved in a spawning was dependent on male density and/ or OSR at the mating site at the time mating occurred. This was done by using two separate simple-regression analyses with either OSR or male density as the independent variable and the number of males involved in a spawning as the dependent variable.
Effect of male density and body mass on the amplectant position obtained by males involved in group spawnings
Assuming that group spawnings arise owing to competitively inferior (presumably smaller) males forcing copulation, we predicted that smaller males will normally be in ventral (nonpreferred) amplexus positions. If male density affects male-mating behavior (see above), we also predicted that any relations evident between body mass and amplectant position will differ under conditions of low versus high male density. For 52 group spawnings, frogs were collected after the completion of egg deposition and weighed (to the nearest 0.1 g) by using a digital balance. Matings were scored as occurring at low or high male density (defined above). For spawns occurring in each male density category (low or high), one-way ANOVA was used to test the association between amplectant position (focal, ventral, dorsolateral) and male body mass. Post hoc comparisons were made by using Scheffe F tests.
Formation of pair and group spawnings
To test the hypothesis that group spawnings are the outcome of noncalling (satellite or searching) males joining mating pairs, females were detected by randomly traversing the study site. They were then followed until they mated (observed as above). A minimum distance of 1.5 m was kept from females at all times to minimize disturbance. Frogs only became visibly disturbed when observations were made at a distance of less than half a meter. A total of 59 matings were observed. Of these 24 were video recorded. The behavior of males that became involved in matings was recorded and assigned to one of four categories: (1) calling from a set site in the chorus (advertising), (2) calling and moving through the chorus (advertising and searching), (3) silent and stationary in the chorus (satelliting), or (4) silent and moving through the chorus (searching). We also recorded whether spawnings originated because females chose males, female initiated contact with a male by moving under him, or males forced copulation by intercepting females. Binomial tests were used to determine whether the proportion of pair and group spawnings occurring on low-density nights (42% of nights surveyed) versus high-density nights (38% of nights surveyed) were significantly different. For both pair and group spawnings, Fisher's Exact tests were used to determine whether (1) there were significant differences in the proportions of calling versus noncalling males involved in spawns that occurred at low and high male density (defined above), and (2) whether there were significant differences in whether spawns resulted from choice or were forced at low and high male density.
Data analysis
All analyses were made using either JMP or Statview statistical software packages. The significance level used was a ¼ 0.05. For multiple-regression analyses, partial correlation coefficients were obtained by using a correlation coefficient matrix.
RESULTS
Seasonal variation in male density and OSR
The mean density of males in a nightly chorus was approximately 4 m À2 (3.67 6 0.29 [SE] , n ¼ 138 samples). On nights on which females were present in the chorus (n ¼ 21), the average density of males was approximately 5 m À2 (5.05 6 0.36, n ¼ 91 samples). Male density varied significantly between nights, ranging from one male to 18 males/m À2 (one-way ANOVA F 43,137 ¼ 4.30, p ¼ , .001) (Figure 1 ). Male density did not vary predictably with time since the beginning of the breeding season (simple regression r 2 ¼ .06,
The mean OSR was male biased (0.76 6 0.01, n ¼ 92 samples). OSR varied significantly between nights that females were present in the chorus (n ¼ 21), ranging from even (0.5) to heavily male biased (0.94; one-way ANOVA F 20,91 ¼ 6.06, p ¼ , .001) (Figure 2 Most male-male interactions, (29/47, 61.7%) occurred owing to disputes over water filled depressions used by males as call sites (see Appendix). These fights arose either because (1) calling males attacked males which began calling in close proximity, (2) calling males attacked silent males positioned in close proximity, or (3) silent males moving through the chorus attacked males that were calling from fixed sites. Interactions that were not over call sites arose when males attempted to amplex other males (13/47, 27.6%) or males inadvertently contacted other males while moving through the chorus (5/47, 10.6%). The proportion of fights arising from competition over call sites versus those that were not call site related, at low versus high male density, were significantly different (low male density; call site related ¼ 24/27, high male density; call site related ¼ 5/20, Fisher's Exact test: n ¼ 47 male-male interactions, p ¼ , .0001).
Effect of male body mass on success in male-male competition
Success in combat was size dependent. With one exception (one out of 47 contests), larger contestants were always victorious (see Appendix). Interactions between males lasted from 2-180 s (mean ¼ 49.3 6 9.1, n ¼ 31). As the difference in body size between males increased, the duration of an interaction decreased (simple-regression: r 2 ¼ 0.17, F 1,30 ¼ 5.99, t ¼ À2.45, p ¼ .02). Data regarding the body mass of males involved in combat, differences in mass between contestants, precombat behavior of contestants, and duration of interaction are presented in Appendix.
Effect of male density and body mass on male-mating behavior
Time spent by preamplectant males calling versus silent was significantly effected by both body mass and male density (multiple regression: r 2 ¼ 0.22, F 2,53 ¼ 7.56, p ¼ .0013). Male density had a significant negative effect upon duration males spent calling relative to duration spent silent (coeff ¼ À6.20 6 2.32, t ¼ 2.68, p ¼ .01), whereas body mass had a significant positive effect upon duration males spent calling relative to duration spent silent (coeff ¼ 11.85 6 3.63, t ¼ 3.26, p ¼ .002).
Effects of variation in density and OSR on the number of males involved in spawns
The number of males involved in a spawning averaged 1.94 (60.09, n ¼ 101 matings), but ranged between one and seven ( Figure 3) . Male density had a significant strong positive influence on the number of males involved in a spawning (simple regression: r 2 ¼ .44, F 1,90 ¼ 69.29, p , .0001) (Figure  4a) , as did the degree of male bias in the OSR (simple regression: OSR: r 2 ¼ .44, F 1,90 ¼ 68.14, p , .0001) (Figure 4b ).
Effect of density and body mass on the amplectant position of males involved in group spawnings
For group spawnings that occurred at densities of five males per meter squared or less (n ¼ 26), the body mass of males was significantly associated with amplectant position (one-way ANOVA (Figure 5a ). For group spawnings that occurred at densities greater than five males per meter squared (n ¼ 25), the body mass of males was not significantly associated with amplectant position (one-way ANOVA: F 2,81 ¼ 0.54, p ¼ .58) (Figure 5b ).
Observation of the formation of pair and group spawnings
Seventeen out of 22 pair spawnings observed occurred at low male density, which was significantly more than expected (p , .001). Of these, most resulted from a female initiating amplexus with a calling male. Of the five pair spawnings observed under conditions of high male density, most resulted from a female being intercepted by a noncalling searching male (Table 1 ). The proportion of spawns that involved calling versus noncalling males at low versus high male density was significantly different (low male density: calling ¼ 14/17; high male density: calling ¼ 1/5, Fisher's Exact test: n ¼ 22 pair spawnings, p ¼ .02). The proportion of spawnings arising from female choice versus male interception at low versus high male density was also significantly different (low male density: choice ¼ 13/17; high male density: choice ¼ 1/5, Fisher's Exact test: n ¼ 22 pair spawnings, p ¼ .03). Out of 37 group spawnings observed, 18 occurred at low male density and 19 at high male density. These ratios were not significantly different than expected (p ¼ .24). Under conditions of low male density, group spawnings were largely the outcome of a female initiating mating with a calling male and the resultant pair being joined by a satellite male (Table  2) . Under conditions of high male density, group spawnings usually arose when a female was intercepted by a calling or noncalling searching male and the resultant pair was joined by one or more searching noncalling males and/ or searching calling males (Table 2 ). The proportion of males involved in spawnings that were calling versus noncalling, at low versus high male density, was not significantly different (low male density: calling ¼ 20/42; high male density: calling ¼ 22/55, Fisher's Exact test: n ¼ 97 males, p ¼ .53). However, the proportion of group spawnings arising from female choice versus male interception at low versus high male density was significantly different (low male density: choice ¼ 13/18, high male density; choice ¼ 6/19, Fisher's Exact test: n ¼ 37 group spawnings, p ¼ .02).
DISCUSSION
Seasonal variation in male density and OSR
In the Australian frog C. georgiana, the density of males and the number of females detected in a chorus varied greatly over the course of a breeding season. A significant amount of this variation was explained by rainfall and lunar phase, suggesting that the sexual activity of both sexes is synchronized by these climatic variables. Not surprisingly, these findings agree with an earlier study that found that the number of matings detected at a breeding site was influenced by the same climatic 
Figure 5
Relationship between amplectant position and the body mass of male Crinia georgiana involved in group spawnings occurring at low male density (less than five males per meter squared; n ¼ 26 group spawnings) (A) and high male density (more than five males per meter squared; n ¼ 25 group spawnings) (B). Position one is dorsal, two is ventral and three is dorsolateral. Values represent mean 6 SE.
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variables (Byrne, 2002a) . They also agree with studies for other frogs that have shown reproductive activity is stimulated by climatic variables (Bush, 1993; Church, 1960a,b; Sinsch, 1988) . The effect of rainfall is likely to be directly related to the fact that spawning takes place in temporary pools that form after rain (Ayre et al., 1984; Main, 1965) . The adaptive benefit to both sexes of attending the chorus closer to a full moon may be related to visual cues being important in mate choice (Duellman and Trueb, 1986) or because increased light availability aids in predator detection and evasion . For females, the lunar cycle could also play a role in regulating ovulation (Church, 1960a,b) . Variance in male density and female chorus attendance that remained unexplained by climate may relate to fluctuations in the abundance and distribution of resources required for breeding (e.g., call sites and oviposition sites; cf. Donnelly, 1989; Pröhl, 2002; Stewart and Pough, 1983) , migration of frogs to and from nearby choruses (Murphy, 1994) , or intrinsic factors that determine when breeding condition is reached, for instance, the age at maturity and the level of stored energy available (Halliday and Tejedo, 1995; Kvarnemo, 1997; Kvarnemo and Simmons, 1999; Murphy, 1994) . The ratio of males to females (OSR) in the chorus varied considerably over the breeding season, ranging from even to heavily male biased. A significant portion of this variation can be explained because the OSR became less male biased with increasing time since rainfall. Given that OSR is a function of the number of males and females present within the chorus, this relationship probably occurred owing to the negative effect that increasing time since rainfall had on both male density and female chorus attendance. However, because most of the variation in OSR was unexplained, OSR must be sensitive to variables other than climate. These are probably diverse but may include variation in the social environment such as the quality and distribution of males within the chorus (Kokko and Johnstone, 2002; Otronen, 1996) or variation in the physical environment such as the quality and distribution of resources necessary for female reproduction (e.g., tadpole rearing sites; Pröhl, 2002) .
Male-male competition, male mate-acquisition behavior, and group spawning Changes in male density and OSR have an important influence upon the intensity of intrasexual competition, male-mating tactics, and the incidence of group spawning. Consistent with our predictions, males fought more at higher densities (Andersson, 1994) and higher temperatures (Kvarnemo et al., 1995) . At low male density, most fights were over the possession of water filled depressions used as call stations. This finding suggests that call stations are a scare resource and that, at low male density, advertising is an important determinant of male-mating success. However, because female C. georgiana deposit their eggs at the site where a male is advertising, males may also be defending oviposition sites that are preferred by females. Resource defense mating systems have been reported in several frog groups, including North American ranids (Howard, 1978a,b; Wells, 1977) , neotropical dentrobatids (Summers, 1992a,b) , and a hylid from Central America (Kluge, 1981) . At high male density, fights were generally instigated when males roaming the chorus inadvertently contacted, or attempted to amplex, other roaming males. This suggests that males abandon the defense of call sites, or oviposition sites, at high male density. Densitydependent switches in male-mate acquisition behavior are common in anurans (see Discussion below). Almost invariably large males were competitively superior in physical interactions: a common result in anurans (see Davies and Halliday, 1979; Halliday and Tejedo, 1995) .
Variation in male density, and male body mass, also correlated with variation in the reproductive behavior of males. With increasing male density, males allocated less time to calling and more time to satellite behavior or roaming (searching) the chorus. Large males allocated significantly more time to calling than did small males. Small males may allocate less time to calling because they are energetically constrained. In some frogs males switch from calling to less costly silent behavior when their energy reserves become depleted (Arak, 1988) . It is also possible that small males avoid calling because their calls are less attractive to females, either because females have a sensory bias for size-related call characteristics (Gerhardt, 1994 ; but see Smith and Roberts, 2003a where high call rates are attractive and smaller males call faster) or because there are direct or indirect benefits to females of selecting large sires (Doty and Welch, 2001; Mitchel, 1990; Woodward, 1986 Woodward, , 1987 . However, manipulative field experiments in C. georgiana have shown that when calling males are removed from a chorus, noncalling males quickly locate unoccupied call sites and commence advertising (Byrne, 2002b) . This implies that calling is the preferred tactic, a conjecture supported by the finding that most pair spawnings arose when a female chose to mate with a calling male. Therefore, it seems that male reproductive behavior is probably conditional on body mass because large males win fights and monopolize call space. Small, competitively inferior males are then probably forced to adopt alternative noncalling tactics to obtain matings. This relationship is likely to be accentuated with increasing male density when call space becomes increasingly limited.
At low male density, noncalling males sometimes secured mates by closely associating with a calling male and intercepting females that approached. This ''satellite behavior'' has been widely reported as an effective condition-dependent alternative mating tactic used by small male anurans (Arak, 1988; Howard, 1978a; Krupa, 1989; Perrill et al., 1978) . With increasing male density, all males, irrespective of body size, allocated less time to calling and more time to remaining silent and motionless in the chorus or silently roaming the chorus. This explains the finding that, at high male density, only a small proportion of pair spawnings were the outcome of females choosing a calling male. Conversely, the majority of pair spawnings that occurred at high male density arose when noncalling males that had been searching the chorus seized (intercepted) females. This mating pattern resembles that of explosively breeding anurans in which males call to attract females at low male density, but in dense aggregations, alternate between calling and competing directly by searching for females (Halliday and Tejedo, 1995) . Species from the It is also reported whether a pair spawning originated owing to female choice or was forced by the male (male interception). Behavioral Ecology Vol. 15 No. 5 genus Bufo (e.g., Bufo bufo, B. calamita, B. woodhousii, and B. valliceps) are renowned for their high plasticity in competition behavior depending on male density (see Arak, 1983; Höglund and Robertson, 1988; Sullivan, 1989; Wagner and Sullivan, 1992) . Density-dependent expression of calling and searching behavior is also well documented for Rana sylvatica (Woolbright et al., 1990) and R. catesbiana (Emlen, 1976; Howard, 1978a) . As predicted, a connection was evident between variation in the intensity of intrasexual competition and the occurrence of group spawning. Variation in both male density and the degree of male bias in the OSR strongly correlated with the number of males involved in a spawning. At low male density, group spawnings generally arose when a satellite male joined a mating pair after a female chose to mate with a calling male. Given that calling males are usually of larger body mass, this explains the finding that males amplexed in the dorsal (preferred) position were significantly larger than were males amplexed in ventral or dorsolateral positions. At high male density, group spawns generally arose when a searching male seized a female and other searching males joined the pair. Under these conditions, there was no relationship evident between male body mass and amplectant position. Within the pool of larger males using noncalling tactics at high male density, there is no large male advantage in the scramble to intercept females; a pattern also reported in common toads (Höglund and Robertson, 1988) . We conclude that competitively inferior males, which are unable to secure call sites to attract mates at low male density or secure mates directly during scramble competition at high male density, force group spawnings.
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Males may not make a discrete decision to adopt a specific mating tactic but switch between them opportunistically, depending on their competitive status and the frequency of physical interaction. Satelliting, searching, and joining mating pairs may simply be three different expressions of males making the best of a bad lot. Interceptions may be made if females are detected in close proximity, but if these opportunities do not arise, unsuccessful males may settle for joining pairs and gaining a share of paternity (see Roberts et al., 1999) . However, because considerable precision is required to secure a passing female and failed grasping attempts often evoke a flight response (Byrne, 2002 b) , waiting for pairs to join may provide more predictable returns. When the OSR is even or slightly male biased, failed interceptions may not greatly affect individual fitness because the probability of encountering other females is high. But considering that OSR in C. georgiana is normally moderately male biased, any missed matings owing to failed interception may be extremely costly. Once a female is clasped by a male, ventral amplexus is easily obtained by secondary males and guarantees a significant proportion of fertilizations . This may strongly favor males that join mating pairs.
The strategy of joining mating pairs used by inferior males is comparable to sneaky matings in fish in which subordinate males parasitize the reproductive success of territorial males by swimming between spawning pairs and releasing sperm (Gross, 1982) . In fish, Taborsky (1998) found that simultaneous parasitic spawning is evident in 140 species from 28 families. Among anuran amphibians, C. georgiana provides the only example in which sneaking appears to be a specialized male strategy to compensate for competitive inferiority owing to pheneotypic constraint, although it has been suggested that secondary males may be using sneak tactics in several other anurans that exhibit group spawning. These include foam nesting Rhacophorids (Fukuyama, 1991; Jennions and Passmore, 1993; Jennions et al., 1992; Kusano et al., 1991) , leaffrogs (Pyburn, 1970) , red-eyed tree frogs (D'Orgeix and Turner, 1995) , and explosive breeding neo-tropical frogs (Roberts, 1994) . However, in these species males that join pairs do not differ phenotypically from paired males, suggesting that all males use this tactic opportunistically (Halliday, 1998) . Thorough investigation of the behavior of joining pairs in other anurans is now required to unravel the forces generating its expression.
Given that group spawnings in C. georgiana entail extreme costs to females and provide no apparent compensatory genetic benefits (Byrne and Roberts, 2000) , this mating pattern appears to occur against the reproductive interest of females and provide another example of forced copulation by males (Constanz, 1975 ; Kodric-Brown, Table 2 Summary of the pre amplectant behavior of males involved in 37 group-spawnings observed under conditions of low male density (less than five males per meter squared) and high male density (more than five males per meter squared)
Male in position 1 embraced the female dorsally, male in position 2 embraced ventrally, and males in positions 3 to 7 embraced dorsolaterally. Behavior was assigned to one of four categories: C indicates calling; Sa, satelliting; S, searching; and C/S, calling and searching (see text). It is also reported whether a group spawning originated owing to female choice or was forced by the first male (male interception).
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1977; McKinney et al., 1983; Severinghaus et al., 1981; Thornhill, 1980; Westneat, 1987) . If this is the case why do females not actively fight to break away from matings involving multiple males? Within choruses it has been observed that males are attracted to movement (Byrne, 2002b) . By struggling to repel unwanted males, females may attract further males and entail increased costs. Consequently, females may accept matings out of convenience (Rowe, 1992) . Alternatively, resistance may be futile. In many species females succumb to male harassment because resistance is ineffective (CluttonBrock and Parker, 1995) . A general pattern among anurans is that females are larger than are males (Shine, 1979) . A lack of size dimorphism in C. georgiana (Smith and Roberts, 2003b) may make rejection of mating attempts difficult, particularly when several males are involved. Moreover, males possess huge forearms relative to their body size (Byrne, 2002b) . The absence of this trait in other members of the genus suggests it has probably evolved to aid males in securing females under conditions of intense intrasexual competition. Among anurans that compete directly for females, increased forelimb size is common and has been attributed to providing males with increased ability to secure females and/or resist displacement from amplexus by rival males (cf. Bourne, 1992; Howard and Kluge, 1985) . Adaptive traits to procure females have also been reported for other taxa in which males compete vigorously for females. For example, in water striders males force females to mate by grasping them with abdominal claspers (Arnqvist and Rowe, 1995) . How often group spawning in anurans is driven by intrasexual selection as opposed to female benefit remains an unresolved question. Worldwide, group spawning in anurans has been reported in approximately 10 species from three different families (Halliday, 1998) . However, cost/ benefit analyses for these groups are lacking. Experimental investigation of group spawning in other anurans is now required to establish the general applicability of forced copulation as an explanation for the evolution of group spawning in anuran amphibians.
APPENDIX A
Summary of the body mass and precombat behavior of C. georgiana males involved in 47 physical interactions observed in a natural breeding chorus.
Contestant 1 (C1)
Contestant 2 Mass delta is the difference in body mass between the two competing males (contestants). The contestant (C1 or C2) that initiated the interaction is referred to as the antagonist. Duration is the time that the two contestants remained in contact.
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